Abstract -Carpenter bees (Xylocopa) display variation in mating strategies. In several subgenera males defend territories that contain resources for females. In other subgenera males defend a small non-resource territory. Here, we investigate the correlation between three morphological traits and mating strategy. We found associations between mating strategy and male eye size, size of the mesosomal gland and sexual colour dimorphism, as well as correlative evolution between the morphological characters. Analysis of the evolutionary pathways shows that resource defence, small glands and monomorphic sexes are ancestral states. Increases in gland size seem to precede or coincide with changes in mating behaviour, but changes towards sexual dimorphism follow changes in mating behaviour. Once a non-resource defence strategy with correlated morphology has evolved there are no reversals to the ancestral states. We discuss the types of selection that may have caused these correlative changes. correlated evolution / molecular phylogeny / mating / sexual selection / Xylocopa
INTRODUCTION
The elaboration of male traits, such as sexual dimorphism in size or colour, secondary sexual characters and ornamentation is mostly considered to reflect the action of sexual selection (Darwin, 1871) . Sexual selection comprises intra-sexual selection through malemale competition and inter-sexual selection through female choice. In addition, but often forgotten, sexual dimorphism can evolve through natural selection (e.g. Temeles et al., 2000; Kruger, 2005; Stuart-Fox and Moussalli, 2007) . However, because there are strong reciprocal causal links between mating systems and sexual selection (Andersson, 1994) , comparative analysis of related species with different mating strategies are needed to elucidate patterns of causal variables (e.g. Brown et al., 1997; Markow, 2002; Kruger et al., 2007) .
In this study, we use phylogenetic methods to evaluate the correlation between mating strategies and sexually selected traits in the group of large carpenter bees of the genus Xylocopa (Hymenoptera, Apidae). The genus is eminently suitable for analyses of such correlated evolution because it is very speciose (approximately 470 species divided into 31 subgenera) and because mating strategies vary considerably between species (e.g. Gerling et al., 1989; Michener, 1990; Minckley, 1994) . Mating behaviour has been described for 38 species belonging to 16 different subgenera (Tab. I supporting information). A wellresolved molecular phylogeny that includes 27 subgenera has recently become available (Leys et al., 2002) . This allows testing of phylogenetic correlations between mating behaviour and morphological traits.
Using the terminology developed by Alcock et al. (1978) and Eickwort and Ginsberg (1980) , the different strategies that males of carpenter bees use to encounter receptive females are: (1) non-territorial patrolling of nests or flowers, ('non-defence polygyny or patrolling' -P); (2) territorial defence of resources (flowers, nests) or of females inside nests ('resource defence polygyny -RD'); and (3) territorial behaviour at locations that do not contain any resources for females ('non-resource defence polygyny'-NRD), a strategy that has also been called a 'dispersed lek' system (Bradbury, 1981) because females are able to assess the quality of males by comparing displaying males in dispersed territories.
Several authors have suggested associations between mating strategies and morphological characters. The main characters are: (i) Size of the mesosomal glands. The exocrine products from the mesosomal glands are used as a long range sex-attractant pheromone (Gerling et al., 1989; Minckley et al., 1991; Alcock and Johnson, 1990) . Enlarged mesosomal glands are often encountered in species displaying non-resource defence behaviour (Minckley, 1994) . (ii) Sexual colour dimorphism. In many species males and females have approximately the same colouration, but in others the colouration differs considerably. In dimorphic species males are usually entirely covered with light pubescent hairs (e.g. white, yellow or olive green), in contrast with females that are mainly black often with bands of light coloured pubescence (e.g. in X. (Koptortosoma) and X. (Neoxylocopa)). It has been suggested that the light colouration in males could function as a visual recognition cue for females or to decrease thermal stress during the energetically expensive hovering flights (Minckley et al., 1991) . Sexual colour dimorphism therefore seems to be associated with species in subgenera that perform non-resource defence behaviour. (iii) Male eye size. In several species males have large eyes compared to the females. It is likely that vision may be an important part of mate encounters in RD, where males give chase to females and conspecific males (Frankie et al., 1979; Minckley, 1994) . Therefore large eye size of males may be associated with resource defence behaviour, as was suggested by Osten (1989) and Minckley (1994) . Minckley (1994) also suggested an association between enlarged glands and relatively small eyes.
In this paper we apply phylogenetic methods to investigate the associations between mating behaviour and the morphological characters mentioned in the previous paragraph. Specifically, we test whether there has been correlated evolution in Xylocopa between mating strategy and (a) size of mesosomal glands in males, (b) sexual colour dimorphism and (c) relative male eye size. We hypothesize associations between non-resource defence and enlarged glands, presence of colour dimorphism and small eyes, and vice versa, between resource defence, small glands, absence of colour dimorphism and enlarged eyes. Furthermore, we reconstruct the ancestral character states for the genus and investigate the evolutionary pathways from the reconstructed ancestral states to the derived character states, including possible reversals, of all pairs of characters.
METHODS

Taxa examined
We used the dataset supplied by Leys et al. (2002) supplemented with representatives of several additional subgenera, as well as additional species in the subgenus X. (Koptortosoma). Forty-five Xylocopa species, belonging to 28 subgenera are now included in the molecular data set. Information about mating strategies is available for 20 of these species (16 subgenera). These species represent all major taxonomic divisions in the genus, and represent all recognized mating behavioral patterns and associated morphological variation. References for mating strategies are listed in Table I of the online supplementary information.
Molecular methods
DNA extraction, PCR amplification and sequencing were performed as described in Leys et al. Table I . Correlation between behavioural and morphological characters using Bayes factors. Any Bayes Factor with a positive ratio greater than 2 is considered positive evidence, greater than 5 is strong evidence, and greater than 10 is very strong evidence for correlated evolution (Pagel and Meade, 2006 
Phylogenetic analyses
Phylogenetic analyses of aligned sequence data, of 2437 bp, were carried out using the program MRBAYES v.3.1 (Huelsenbeck and Ronquist, 2001) . A General Time Reversible model (Rodriguez et al., 1990) , with a proportion of invariant sites and unequal rates among sites (Yang, 1996) , modeled with a gamma distribution (GTR+I+G) in MODELTEST (Posada and Crandall, 1998) , was found to be the most appropriate model to use in the Bayesian analyses. The MRBAYES analysis was done by applying different parameter optimizations in an unlinked analysis, using default uninformative priors, for the following eight partitions: first (1), second (2) and third (3) codon positions of the mitochondrial data, first and second codon positions combined of the EF1alpha (4) and PEPCK (5) data, third codon positions of the EF1alpha (6) and PEPCK (7) data, and intron data of PEPCK (8). Four chains were run simultaneously for 3 million generations in two independent runs, sampling trees every 50 generations. TRACER version 1.3 (Rambaut and Drummond, 2005) was used to determine effective sample size (ESS) of the parameters during the MRBAYES runs. After 3 million generations all parameters had reached their ESS, and the potential scale reduction parameter was approximately one for all parameters, indicating Bayesian runs had converged and that a sufficient sample of the posterior distribution had been obtained. A burn-in of 30000 iterations was chosen for each independent run of MRBAYES.
Analyses of correlated evolution
To study correlated evolution we used BayesTraits, a computer package for analyzing trait evolution among species on phylogenetic trees (available from www.evolution.rdg.ac.uk). This package allows analysis of pairs of discrete binary characters using reversible jump Markov Chain Monte Carlo (rj-MCMC) methods. The theory and methods, including model testing, are described in depth in Pagel and Meade (2006) and the manual of BayesTraits. Here we will suffice with a concise description of the methods.
Two characters with binary states can have four different combinations of character states, as shown in Figure 2 . If we assume that states of both characters cannot change simultaneously, then there are eight different rates of transitions, which are denoted in Figure 2a -f by q12, q21, q13 etc. Transition rates can be classified into different rate classes, whereby different combinations of transitions can have the same, different or zero rates. In these analyses each combination of transitions is considered a different model of correlated evolution. One of those models were transition rates are restricted as follows: q12 = q34, q21 = q43, q13 = q24 and q31 = q42, indicating that a transition of one character is completely independent of the other character, illustrates the independent model of evolution. Overall, considering the number of transitions and the combinations of rate classes there are thousands of possible models. The rj-MCMC method selects the models of correlated evolution with the highest likelihoods given a set of phylogenetic trees.
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To incorporate phylogenetic uncertainty we used the last 100 trees sampled from one of the runs of the bayesian phylogenetic analysis as input for the BayesTraits analyses. BayesTraits was run using the independent and dependent Discrete model for every pair of characters using the MCMC analysis method. A reversible-jump hyperprior with exponential distribution between 0 and 30 was used. We run the MCMC chain for 20 million iterations with a sampling period of 300 and a burn-in of 70000. The ratedev parameter was set to 20 in order to obtain the recommended acceptance rates in the MCMC chain of 20-40%. X. (Diaxylocopa) truxali was omitted from the analyses because of lack of data. Because the taxa X. (Lestis) aeratus and X. (Schoenherria) micans are known to have polymorphic mating strategies (Tab. I supporting information), we ran successive analyses for each mating strategy states for these taxa. The outcome of these analyses only differed with respect to the association between mating strategy and gland size. In all other cases, the mating strategy assigned to these polymorphic species did not influence the outcome of the analyses and in these cases the results of one of the two analyses is presented (species classified as RD).
To test the hypothesis of correlated evolution we used the BayesFactor as a test statistic to compare the likelihoods from the independent and dependent analyses, whereby: BayesFactor = 2[log(harmonic mean of the dependent model)-log(harmonic mean of the independent model)]. Any BayesFactor with a positive ratio greater than 2 is considered positive evidence, greater than 5 is strong evidence, and greater than 10 is very strong evidence for correlated evolution (Pagel and Meade, 2006) . Table I , supporting information, shows information collected from the literature about mating strategies and morphological characters including male mesosomal glands, male eye size, and sexual colour dimorphism.
Character states
The three mating strategies, i.e. patrolling or non-defence (P), resource defence (RD) and nonresource defence (NRD) are described above. To enable analysis of correlated change, the mating strategy data set was made dichotomous by pooling the patrolling (P) strategy with the resource defence (RD) strategy. This is justified by the fact that both are resource-based behaviours, and by the observation that many of the species in which the resource defence strategy was observed, patrolling was an alternative strategy (Tab. I supporting information). The logic here is that a bee employing resource based behaviour needs to patrol its environment first before it can decide which resource patches are worth defending, vis a vis the likelihood of encountering receptive females (Leys, 2000b) .
For analysis of mesosomal glands, morphological data from Minckley (1994) were used. Minckley (1994) recognises six different character states in the mesosomal gland reservoir of the males in carpenter bees: completely absent (type 0) to five different categories based on the relative size of the reservoir, place of opening and tubule arrangement. For the following subgenera, not examined by Minckley, the mesosomal gland reservoir types were determined by dissection of the males: X. BayesTraits Discrete analyses the mesosomal gland reservoir types were pooled into binary character states: mesosomal gland types 0-2 were classified as reduced/absent and types 3-5 as enlarged.
Male eye size was taken from Hurd and Moure (1963) , who classified eyes as 'enlarged' if the maximum width of the eye was larger than or equal to the minimum upper interorbital distance, and 'small' if the maximum width of the eye was less than the minimum upper interorbital distance (Hurd and Moure, 1963, p. 24 and p. 26) . In species with enlarged male eyes, male eye size is markedly increased compared to the eye size of females.
Sexual colour dimorphism was considered to be present when the males were entirely covered with light pubescent hairs, while the females are largely black with some light banding. Those species that have males that are partially covered with light hairs while leaving a large part of the abdomen black, for example X. (Xylocopoides) virginica and X. (Schoenherria) micans, were was classified as monomorphic.
RESULTS
Phylogenetic reconstruction
Analyses of DNA sequence data resulted in a well-resolved phylogeny. A consensus tree . The numbers at the nodes represent the posterior probabilities. The probabilities of the ancestral states are indicated near the root of tree. Character states (most likely ancestral state in black) for mating strategy and three morphological characters are shown near the species names. A review of Xylocopa mating strategies and morphological character states are presented in Table I of the online  supplementary information. based on the last 100 sampled trees of one of the Bayesian runs is presented in Figure 1 . The main differences between the present topology and previously published maximum parsimony and maximum likelihood analyses (Leys et al., 2002) are in clades with posterior probabilities smaller than 0.71 in the previous phylogeny. Most of the posterior probabilities in the present phylogeny are high (82% of the nodes have a posterior probability >0.9) and therefore the topology suits as a reliable framework for comparative evolutionary studies. Moreover, in the analyses of correlative evolution phylogenetic uncertainty was taken into account by incorporating the 100 last sampled trees of the Bayesian phylogenetic analysis.
Correlated change and ancestral characters
Correlated change
BayesFactor tests for all combinations of characters showed significant correlation between mating strategies and each of the morphological characters (BayesFactors >5 for all analyses; Tab. I). In particular mating strategy and mesosomal gland size, and mating strategy and sexual colour dimorphism revealed very strong positive evidence for correlated evolution (BayesFactor >10). The correlations between each of the morphological characters were also significant (all BayesFactors >5, Tab. I). Table III online supporting information shows harmonic means and character state probabilities of the root resulting from the independent and dependent Discrete analyses, as well as the mean rate of character state changes in the dependent analyses.
Ancestral states for mating systems and morphological characters
The probabilities for the ancestral state of each of the traits were calculated by adding individual state probabilities in each dependent analysis and averaging among the dependent analyses (see supplementary data). The ancestral state for mating strategy is resource based (P = 0.86), which is supported by all independent and dependent analyses. Similarly, the ancestral state for sexual colour dimorphism is 'monomorphic', the absence of sexual dimorphism (P = 0.93).
In the cases of eye size and gland size, the ancestral states are less unambiguous. For male eyes size the grand average of the probabilities for each character state over all tests was 0.53 for enlarged eyes and 0.46 for small eyes (Tab. III online supporting material). Therefore, the ancestral character state remains unclear and we will discuss the likely evolutionary pathway for each possible ancestral state.
For mesosomal gland size the grand average of the probabilities for the ancestral character state over all tests was 0.67 for small glands and 0.33 for enlarged glands (see supplementary data). Because the occurrence of enlarged mesosomal glands is a unique character in carpenter bees (it does not occur elsewhere in the Xylocopinae) we will treat small glands as the ancestral character state.
Evolutionary pathways of changes in mating strategy and morphological traits
For all pairs of characters we have visualized the results in flow diagrams that show the probable evolutionary pathways from the reconstructed ancestral states (Fig. 2a-f) . In the following paragraphs we discuss these results in more detail. Figure 2a . The assumed ancestral states are resource based with small gland sizes (R,S). There are two different evolutionary paths to consider, when the species X. (Lestis) aeratus and X. (Schoenherria) micans with polymorphic mating strategies were treated as NRD (line a) or when the mating strategy was set to RD (line b). In the first case (line a), posterior distribution of the rate parameters suggests that either the glands or the mating strategy may change first (q21 ∼ q24) and that this change created a potential for a change in the other character. However, in the second case (line b), the posterior distribution of the rate parameters strongly suggest that glands changed first (q21>q24), and that this would set the stage for the evolution of a NRD mating system. In this case the alternative route, in which NRD evolves first is not supported (q24 ∼ 0). Rates (q31 and q34) leading back from the derived state of NRD and large glands (N,L) to intermediate states are both extremely small. Large rates leading away from the intermediate state of (N,S) are likely to be artefacts of the method because the statistical model calculates the likelihood at internal nodes over all possible states (cf. Pagel and Meade, 2006) . This combination of character states is only found for the polymorphic X. (Lestis) aeratus when the species is assigned to NRD state. Figure 2b . The reconstructed ancestral state is resource defence and monomorphic sexes (R,M). Posterior distributions of the rate parameters suggests that the mating strategy changed first (q13 is approximately 100 times q12) and that this change created a selective force for the evolution of sexual dimorphism. From a stage of NRD and monomorphic sexes (N,M) pathways are open to revert to the ancestral state (q31) or to develop sexual colour dimorphism (q34). Rates (q43 and q42) leading back from the derived state of NRD and dimorphism (N,D) to either of the intermediate states are both extremely small. The rates q21 and q24 leading away from the intermediate state of RD and sexual dimorphism (R,D) arise as an artefact of the method because the statistical model calculates the likelihood at internal nodes over all possible states (cf. Pagel and Meade, 2006) . This combination of traits was not found in any of the species included in our dataset (Tab. I online supporting information). Figure 2c . The ancestral state for mating was resource defence, but for male eye size it was undecided. If we assume that the ancestral state is enlarged eyes (R,E), posterior distributions of the rate coefficient are inconclusive with respect to the evolutionary pathway (q21 ∼q24). However, should mating strategy change to NRD while maintaining large eyes (N,E) then this seems an unstable situation with large rates of reversals in mating strategy or change towards small eyes.
Mating strategy and mesosomal gland size
Mating strategy and sexual colour dimorphism
Mating strategy and male eye size
If we assume that the ancestral state for males eyes size is normal eyes (R,X), then the evolutionary pathway would be the development of large eyes first (q12>q13), after which changes to NRD would occur (q24). However, there would be frequent reversals from this derived state to each of the neighbouring states (N,X) and (R,E).
It seems that male eye size can become reduced irrespective of mating strategy (q21∼q43), but that acquisition of enlarged eyes is more likely when the species have an RD strategy than when they have an NRD strategy (q12>q34).
Whatever the ancestral state of the eyes may be, changes away from (N,X) are unlikely as q31 and q34 are both extremely small. Figure 2d . The reconstructed ancestral states are small glands and monomorphic sexes (S,M). Posterior distributions of the rate coefficients suggests that the glands changed first (q31 > q34), after which changes could occur to either reverse back to the ancestral state or to develop colour dimorphism (q12∼q13). In addition, the rate of gaining large glands is independent of whether or not the species is dimorphic (q31∼q42). Figure 2e . The reconstructed ancestral states are small glands and enlarged eyes (S,E) or small glands and normal eyes (S,X). From (S,E), posterior probabilities suggest high rates (q42) of gaining enlarged glands (L,E) but also high rates (q43) of eye reduction (S,X). The state of large glands and normal eyes (L,X) can therefore be achieved through both evolutionary pathways. The data suggest that changes in eye size from enlarged to normal are independent of gland size (q21∼q34), and that loss of large glands occurs more frequently in species with enlarged eyes than in species with small eyes (q24>q31). From (L,X), the rates towards enlarged eyes (L,E) or small glands (S,X) are very small (q12 and q13). Figure 2f . The reconstructed ancestral states are enlarged eyes or small eyes and monomorphic sexes (E,M) or (X,M). Eyes can become small independent of whether the species are monomorphic or dimorphic (q31∼q42). However there is a strong reversal rate when species are monomorphic (q13), which is not found under dimorphism (q24). In addition, the rate from normal eyed monomorphic species to normal eyed dimorphic species (q12) is virtually zero. This suggests that the state of normal eyes and sexual dimorphism is gained by first changing dimorphism (q34) and then reducing male eye size (q42). Reversal rates from the state of small eyes and dimorphism (X,D) to either (X,M) or (E,D) are close to zero.
Mesosomal gland size and sexual dimorphism
Mesosomal gland size and male eye size
Male eye size vs. sexual dimorphism
DISCUSSION
The analyses show a significant association between changes in mating strategy and the male morphological characters, i.e. mesosomal gland size, sexual colour dimorphism and eye size. Below we discuss the observed correlations, the ancestral states and evolutionary pathways for each of the morphological characters in relation to mating strategy. We then discuss whether the morphological traits would be under inter-sexual, intra-sexual or natural selection, and we develop a hypothesis for the selective factors underlying the different mating strategies.
Mating and gland size
Several authors have suggested a correlation between mating strategy and gland size (e.g. Gerling et al., 1989; Alcock and Johnson, 1990; Minckley et al., 1991; Minckley, 1994) . These suggestions are confirmed by our analyses. As a rule, males of species that are known non-resource defenders have strongly enlarged mesosomal glands while males of species that are specialist resource defenders have small glands. However, there are some exceptions. X. (Mesotrichia) and X. (Hoploxylocopa) have resource defence and large glands (type 5), and species belonging to X. (Ctenoxylocopa) and X. (Schoenherria), that are also known resource defenders have large (type 3) mesosomal glands. A possible explanation for some of these exceptions can be found in a study on X. (Schoenherria) micans (McAuslane et al., 1990) . Males of the first generation of this bivoltine species predominantly defend patches of flowers and show reduced activity of the mesosomal glands. However, in the second generation, the males use a non-resource defence strategy and the glands produce larger amounts of exocrine products. Thus, the correlation between gland size and mating strategy may superficially seem imperfect if species have mixed strategies that have not as yet been described. However, this explanation does not hold for X. (Ctenoxylocopa) sulcatipes, a well-studied species with enlarged mesosomal glands that has never been seen to perform non-resource defence behaviour (Velthuis and Gerling, 1980; Gerling et al., 1983; Stark, 1990 ; pers obs; M. Rosenboim, pers. com.). Males of this species mark their territories near flowers with a mandibular gland secretion (Hefetz, 1983 ) that attracts females (Gerling et al., 1989) . Similarly X. (Neoxylocopa) hirsutissima uses exocrine secretions from other glands to attract females (Velthuis and Camargo, 1975a, b) . By analogy, the mesosomal glands of X. (Ctenoxylocopa) sulcatipes and other species that have large glands and resource defence behaviour (X. (Hoploxylocopa) acutipennis and X. (Mesotrichia) flavorufa) may have a similar function in resource defence behaviour. Our results could have been influenced by lumping the type 3, 4 and 5 glands, while perhaps type 4 and 5 are more closely linked to NRD behaviour, because these seem to function to produce large amounts of excretion per unit of time to produce a strong signal detectable from long distances, while flower marking, often by species with type 3 glands, suffice with lower amounts of excrete per time, because it may only be intended to act on short distances. Bioassay studies for different species are needed to be able to interpret the evolutionary correlations.
The ancestral state for mating behaviour was resource defence, and small glands as the ancestral state had more support than large glands. A derived state of large glands is further supported by the fact that the large glands are a unique character for the Xylocopini (Minckley, 1994) , not found in any close relatives. Gerling et al. (1989) presented an evolutionary scenario for the evolution of mating behaviour in which they also implicitly assumed that resource defence and small glands were ancestral.
Our data suggest that increases in gland size preceded transitions from resource defence to non-resource defence. However, it is likely that this is in actual fact a stepwise process. An initial change from resource defence to a mixed strategy that involves a combination of hill topping and resource defence could set the stage for changes in glands from size 1 to size 2, as was found in X. (Lestis) aeratus. More extensive non-resource defence would then require the males to develop substantially more attractant and therefore larger glands, as suggested by the study of McAuslan (1990) on X. (Schoenherria) micans (see above). Thus, the result that changes in gland size preceded changes in mating strategy may have been partly shaped by our dichotomous classifications of character traits that are in fact not dichotomous. Unfortunately tests for correlated evolution including more than two states do not as yet exist.
Mating and sexual dimorphism
As a rule, males of species that are known non-resource defenders show sexual colour dimorphism and while males of species that are specialist resource defenders are not sexually colour dimorphic, as was suggested by Minckley et al. (1991) . Exceptions are X. (Schoenherria) micans and X. (Lestis) aeratus that show a mixed strategy and no dimorphism, and X. (Lestis) bombylans which has non-resource defence and lacks dimorphism. Exceptions in the other direction (resource defence by sexually dimorphic species) do not occur.
The ancestral state was monomorphic sexes. The evolutionary pathways analysis suggests that changes in mating strategy towards non-resource defence preceded changes towards sexual dimorphism. Again it is likely that such changes come about in a stepwise fashion, which is suggested by the fact that males belonging to species with mixed strategies (e.g. X. (Schoenherria) micans and X. (Lestis) aeratus) have males that are partially covered with light hairs
Mating and eye size
The correlated evolution of eye size and mating strategy corroborates suggestions by Osten (1989) and Minckley (1994) . The ancestral character state for male eye size remained unclear. Although derived states of the other characters (large glands, sexual dimorphism and non resource defence) frequently coincide with normal eye size, this is no reason to expect that large eye size would be ancestral. It is conceivable that normal eyes is the ancestral state, and that in some species enlarged eyes have evolved in resource defenders as a response to high intra-or interspecific competition for resources.
In summary, for all combinations of character traits except those involving male eye size, evolutionary pathways could be unambiguously reconstructed on the basis of the probability of the transitions from one state to the other. Changes in gland size preceded changes in mating strategy, and changes in mating strategy preceded changes sexual dimorphism.
It is noteworthy that in the three reconstructions of the rates of character state changes correlated with mating strategy, the derived states of NRD mating strategy in combination with enlarged mesosomal glands and sexual dimorphism all have very slow, or non-existing rates of reversal to any of the intermediate states. The result of this lack of reversal to the intermediate stages is that certain combinations of character traits are very rare. Specifically, the combinations 'small glands and NRD' and 'sexual dimorphism and RD' were not found.
Selective pressures for morphological characters and mating strategies
Much discussion has been devoted to the relative importance of inter, intra, and natural selection in shaping the differences between males and females (e.g. Höglund, 1989; Björklund, 1990; Brown et al., 1997; Hardy and Mayhew, 1998; Johnson and Lanyon 2000; Temeles et al., 2000; Kruger, 2005; Stuart-Fox and Moussalli, 2007) . Below we use functional explanations of the traits to speculate about the nature of the selective pressures involved in their evolution.
Gland size and intersexual selection
The main function of the gland products is attracting females over relatively long distances (Gerling et al., 1989; Minckley et al., 1991; Alcock and Johnson, 1990) , it seems likely that the large glands are the result of inter-sexual selection, where the male with the largest (or best smelling) odour bouquet receives most attention from females in his territory.
Eye size -intra-or intersexual selection
Males in resource defence territories are very active in chasing any visitor in their territory (Frankie et al., 1979; Minckley, 1994) , whether male or female. If eye size is important for rapid spotting, because larger eyes mean an increased field of vision, and would there fore enhance detection of intruders, then eye size is most likely a result of sexual selection rather than natural selection. Large eyes could be the result of intra-sexual selection when their most important function is to rapidly spot intruder males and chase them away. Not excluding this possibility, large eyes could also arise through cryptic inter-sexual selection, if males that rapidly spot females have a selective advantage.
Sexual dimorphism -natural selection?
One may consider the association of the non-resource defence strategy, sometimes also referred to as dispersed lek mating system (Bradbury, 1981; Alcock and Smith, 1987) , with sexual colour dimorphism to be a consequence of female choice. However, with Minckley (1994) , we hypothesise that female choice is acting mainly on the mesosomal gland products and that the sexual colour dimorphism is more likely the result of natural selection. Minckley (1994) suggests that male colouration may be selected because males with light colours are likely to cope better with heat stress. We propose that the colouration serves a camouflage in the sunlit spots between leaves and branches, which males frequently select as territories (Gerling et al., 1989, pers. obs.) . The need for cryptic colouration becomes obvious when considering that males may occupy their small territories for hours on end. The fact that these territories are usually established hidden in the canopy between the branches of trees (e.g. Hurd, 1955; Gerling et al., 1983 ) might point to the need for predator avoidance. The above explanation for the correlation between sexual dimorphism and mating strategy is comparable to ecological explanations (Bleiweiss, 1997) for the much debated correlation between sexual size, and plumage dimorphism in lekking birds (e.g. Payne, 1984; Höglund, 1989; Oakes, 1992; Höglund and Sillén-Tullberg, 1994 ).
Selection for different mating strategies
What factors could influence the evolution and maintenance of different mating strategies in Xylocopa? It is likely that the optimal strategy for a male in search of a female partner depends on the ratio and distribution of receptive females to sexually active males at any one time, i.e. operational sex ratio (OSR, Emlen and Oring, 1977; Ims, 1988; Gerling et al., 1989; Westneat et al., 1990; Andersson, 1994) . The OSR is determined by temporal and spatial distribution of receptive females relative to males (Emlen and Oring, 1977) , which is influenced by the temporal and spatial distribution of resources, e.g. nesting substrate and food. The OSR, which can vary over time and between populations, is thought to influence the mating strategy, and in turn affects sexual selection (Andersson, 1994) .
So why would the OSR vary between species? We provide two, not mutually exclusive possibilities. Firstly, there may be the spatial reasons for differences in OSR. In some species or populations the density of resources (flowers and nests) may be highly clumped, while in others, resources may be widely distributed. A wide distribution of resources would cause a low probability of encountering a receptive female at any one of these resources. Moreover, the large costs of patrolling vast areas necessary to find a potential resource to monopolize would select against resource defence and promote a non-resource based lek mating system. Thus, we hypothesize in areas where resources are widely distributed, non-resource defence strategies are prevalent, whereas when resources are clumped resource defence is preferred.
Secondly, there may be temporal reasons to expect differences in the operational sex ratio between species or populations. In some cases the breeding season allows the production of only one generation, either due to high altitudes or to high latitudes. This leads to a highly synchronized life cycle, resulting in a relatively high density of receptive females during a short period of time in spring. Males that patrol flowers or have territories at resources that the receptive females would need to visit have a relatively high probability of encountering such females. Other climates, such as the tropics, allow multiple generations per season leading to asynchronised breeding. In these cases, densities of receptive females at any one time are low and males that defend or patrol resources would have a very low probability of encountering a female, again favouring nonresource based lek displays of males. Thus, we hypothesize that in univoltine species or populations, were the climate allows a single generation to be produced during the breeding season, resource defence strategies are prevalent, whereas in multivoltine populations nonresource based leks are more common.
These two hypotheses can be further investigated by using a phylogenetic approach as used in this paper and by investigating how the operational sex ration influences the preferred mating strategy in species with mixed strategies.
